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Abstract—Visible light communication (VLC) systems using
the indoor lighting system to also provide downlink communi-
cations require high average optical powers in order to satisfy
the illumination needs. This can cause high amplitude signals
common in higher-order modulation schemes to be clipped by the
peak power constraint of the light emitting diode (LED) and lead
to high signal distortion. In this paper we introduce Hadamard
coded modulation (HCM) to achieve low error probabilities in
LED-based VLC systems needing high average optical powers.
This technique uses a fast Walsh-Hadamard transform (FWHT)
to modulate the data as an alternative modulation technique
to orthogonal frequency division multiplexing (OFDM). HCM
achieves a better performance for high illumination levels because
of its small peak to average power ratio (PAPR). The power
efficiency of HCM can be improved by reducing the DC part
of the transmitted signals without losing any information. The
resulting so-called DC-reduced HCM (DCR-HCM) is well suited
to environments requiring dimmer lighting as it transmits signals
with lower peak amplitudes compared to HCM, which are thus
subject to less nonlinear distortion. Interleaving can be applied
to HCM to make the resulting signals more resistant against
inter-symbol interference (ISI) in dispersive VLC links.
Index Terms—Visible light communications (VLC), Hadamard
matrix, Walsh-Hadamard transform, orthogonal frequency divi-
sion multiplexing (OFDM), peak-to-average power ratio (PAPR),
LED nonlinearity.
I. INTRODUCTION
V ISIBLE light communications (VLC) is an emergingtechnology for indoor wireless networking that can offer
energy efficient Gbps streaming through the lighting system.
The idea is to transmit downlink data by modulating white
light emitting diodes (LED) that are already being used by en-
ergy efficient and cost effective lighting systems. The huge un-
regulated bandwidth available in VLC technology can relieve
the traffic on radio-frequency (RF) communications. However,
using LEDs as sources adds restrictions on the modulation
schemes and codes that can be used. Main limitations of these
LEDs are their limited peak optical power, nonlinear transfer
function, and limited modulation bandwidth [1]. Therefore,
modulation and coding schemes with high spectral efficiencies
are required to provide a high data-rate connection. In this
work we propose a new modulation technique to achieve
reliable and high-speed data transmission in nonlinear-LED-
based VLC systems.
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Orthogonal frequency-division multiplexing (OFDM) is an
efficient modulation technique for high speed data communica-
tion through bandlimited channels, and is being widely used in
modern systems because of its high spectral efficiency and ro-
bustness against narrow-band interference [2]. OFDM signals
are generated by applying an inverse fast Fourier transform
(IFFT) on the data stream at the transmitter and decoded using
a fast Fourier transform (FFT) at the receiver. OFDM has been
adapted to work in energy efficient optical communications
because of its better average-power efficiency compared to
other schemes [3]. Asymmetrically clipped optical OFDM
(ACO-OFDM), DC-biased optical OFDM (DCO-OFDM) and
asymmetrically clipped DC biased optical OFDM (ADO-
OFDM) are modified forms of OFDM proposed for intensity-
modulation direct-detection (IM/DD) optical communication
systems [4]–[6]. These OFDM techniques use Hermitian sym-
metry to generate real signals from the data sequence, trading-
off loss in the encoding rate. Due to the low rate of these
techniques, high order quadratic amplitude modulation (QAM)
has to be employed to achieve high spectral efficiencies, which
degrades the energy efficiency.
As in the original OFDM, these optical communications
techniques generate signals with large peaks, which can end
up clipped by the peak optical power constraint of the optical
sources. This clipping causes a distortion of the OFDM signals
that becomes larger by increasing the transmitted average
power. Consequently, in VLC systems where high average
optical powers are required for illumination, OFDM is of
limited use. This problem can be alleviated by using peak to
average power ratio (PAPR) reduction techniques that trade-
off complexity and energy inefficiency [7]. For example,
Hadamard matrices can be used as precoders in OFDM
systems to decrease the PAPR [8], [9], reduce the BER [10]
and increase the resistance of the signals against frequency
selective fading [11].
The challenge of supporting a wide range of dimming
levels is another big drawback in the application of these
modified forms of OFDM to VLC systems. There have
been significant efforts to address this problem [12]. Reverse
polarity optical-OFDM (RPO-OFDM) combines pulse width
modulation (PWM) with OFDM to change the dimming level
of the transmitted signals [13]. Although this technique can
transmit signals with high average optical power without being
significantly clipped by the LED peak-power, the lowest BER
it can achieve is higher than that of ACO-OFDM and DCO-
OFDM.
Pulsed modulation techniques are another solution to
achieve reliable high-speed communication at high optical
average power levels in VLC systems [14]. Among these
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techniques, those that use the optical sources in their on/off
mode are preferred since they avoid the nonlinear effects of
the LEDs [15]. Although using sources only in their on/off
mode limits the spectral efficiency of the system in single-LED
systems [16], systems with multiple LED sources have the
potential to use multilevel signaling, which can be employed
to use the available bandwidth more efficiently [17].
In [18] we introduce a multilevel modulation technique
named HCM that uses the Hadamard matrices as a modulation
technique (rather than a precoder). In this technique, the data
is modulated using a fast Walsh-Hadamard transform (FWHT)
and the receiver uses an inverse fast Walsh-Hadamard trans-
form (IFWHT) to decode the received signals. Therefore, it has
a low complexity and can exploit the bandwidth effectively.
We also propose a modification referred to as the DC-reduced
HCM (DCR-HCM) technique. Because of their low PAPR,
HCM and DCR-HCM can provide high illumination levels
in VLC systems without being too affected by LED-induced
distortion. The technique is reminiscent of the approach in
[19] to use the bipolar Hadamard transform for channel
orthogonalization in code division multiple access (CDMA)
systems because of their low PAPR.
In this paper we analyze these modulations and study their
performance in LED-based VLC systems. We propose using
sinc pulses for efficient use of the available LED bandwidth
bandwidth and for fair comparison with OFDM. We show
that using DCR-HCM the energy efficiency of HCM can be
improved. This improvement becomes more significant by
increasing the size of the FWHT. DCR-HCM is also able to
achieve lower BER levels compared to HCM and OFDM due
to its reduced DC level, which decreases the amplitudes of the
transmitted signals and makes them less likely to be clipped by
the peak-power limit of the LEDs. As in OFDM systems, a
cyclic prefix is used to avoid interference between adjacent
symbols in bandlimited channels, and then symbol-length
interleaving is applied on the HCM signals, as was proposed
in [20], to decrease the effect of the intra-symbol interference.
This approach is shown to lower the error probability of high
data-rate transmissions through VLC channels.
The rest of the paper is organized as follows. Section II
describes the VLC system model including the LED nonlinear
transfer function and VLC channel characteristics. Section III
introduces the principles of HCM and presents modified forms
of HCM to increase its energy efficiency and make it renitent
against inter-symbol interference (ISI) in dispersive VLC
channels. Numerical results are presented in Section IV that
compare the performance of the HCM and its modified forms
to OFDM in VLC systems. Finally, conclusions are drawn in
Section V.
II. PROBLEM DESCRIPTION
This section describes the principles of a VLC system.
Models for the optical sources and VLC channel are discussed.
In this work we represent vectors with boldfaced lower-
case letters, and boldfaced upper-case letters are reserved for
matrices. The identity matrix is represented by I. The notation
AT denotes the transpose of the matrix A, and x∗ indicates
the conjugate of the complex number x. The notations A− x
and a−x are respectively used to show the matrix and vector
that are obtained by subtracting a scalar x from all elements
of the matrix A and vector a. We define the complement of
the vector a as a := (1 − a), and that of the matrix A as
A := (1 −A). In this paper, a(`) and A(`) represent the `th
right cyclic-shifts of vector a and matrix A, respectively.
A. VLC System Description
According to the Illuminating Engineering Society of North
America (IESNA), the standard illumination level for most in-
door environments (classroom, conference-room, lecture hall,
offices, etc.) is between 300 and 500 lux at 0.8 m height from
the floor [21, Table 32.I]. In the daytime, a portion of the
indoor illumination needs could be provided by daylight, and
the lights can then be dimmed to reduce the energy consumed.
The dimming level has a nonlinear relation to the average
optical power [22], and affects the performance of the VLC
system.
In order to evaluate the performance of a VLC link, it is es-
sential to determine the optical power level that corresponds to
a desired illumination level. This can be done using luminance
efficiency of radiation (LER), which is defined as the luminous
flux per unit optical power. Although the theoretical limit of
LER for white LEDs is 260-300 lm/W [23], commercially
available white LEDs have an LER of 50-150 lm/W. One of
the most efficient currently available white LEDs is Cree’s
XLamp XT-E white LED with an LER of 148 lm/W. Since 1
lux = 1 lm/m2, an illumination level of 500 lux from a light
source with an LER of 148 lm/W corresponds to 33.8 µW
average optical power on a photo-detector with an effective
area of 0.1 cm2.
B. Nonlinearity in Optical Sources
The optical source is a key component of any optical
communication system, as it generates optical power as a
function of the modulated input electrical signal and converts
the information into an optical beam. Because of the structure
of LEDs, the output optical power and the forward current are
related by a nonlinear function. The maximum optical power in
these sources is limited to a peak-power, and this can result in
the clipping of large peaks in the modulated signal. In optical
communication systems using multilevel or continuous valued
signaling, the nonlinearity of the optical sources introduces a
distortion on the transmitted optical signal.
Predistorion is a solution to linearize the relation between
the output optical power and the forward current over a range.
This technique requires an accurate model for the design of
the predistortion and linearization over the dynamic range of
the optical source. A polynomial model is presented in [24] to
describe the nonlinear transfer function of the optical sources,
through which a predistortion function can be designed to
linearize the output optical power in terms of the input current.
A problem with the predistorion technique is that the
nonlinear transfer function of optical sources can change due
to many factors, one of which is the temperature of the
transmitter. LEDs and lasers tend to dissipate a portion of the
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Fig. 1. (a) Nonlinear transfer function of an LED (solid) and its linearization
after pre-distortion (dashed), and (b) transfer function of and ideal LED with
a limited peak-power.
input energy as heat, which increases the temperature of the
device over time and changes the nonlinear relation between
the output power and forward current. This means that one
predistortion function is not able to keep the device linear over
time, and dynamic feedback is needed to modify the model
of the instantaneous nonlinear transfer function of the optical
source [25] and actively match the predistortion to that model
in order to keep the relation between the optical power and
input current linear. This makes the design of the transmitter
more complex. In this paper we assume no predistortion is
employed.
As discussed in [20], in VLC systems that employ arrays
of LEDs as sources, pulsed modulation techniques can solve
the problem by using the LEDs in an on/off mode. In these
modulation techniques, multilevel signals can be generated by
independently turning on and off each element of the LED-
array. In this way multilevel signaling can be used without
concern for the effects of the LED nonlinearity, and the optical
signal level remains proportional to the intended modulating
signal 1. Based on a similar idea, quantized OFDM is proposed
to utilize the full dynamic range of LEDs by using LED arrays
and employing discrete power level stepping [26]. Below we
show that HCM symbols can also be generated using an LED-
array without being affected by the LED nonlinearity.
In this paper we model the LED as an ideal peak-power
limited source, i.e., a hard limiter, which generates a power
ranging from 0 to the LED peak power, Pmax, proportional to
the forward input current (Fig. 1-(b)). Ignoring the bandwidth
limit of the LED, the only distortion on the transmitted signals
is assumed to be caused by clipping the transmitted signals at
0 and the peak-power of the LED. We model the clipping
induced distortion by an attenuation and an additive Gaussian
noise with variance [27]
σ2clip =
∫ 0
−∞
x2f(x)dx+
∫ ∞
Pmax
(x− Pmax)2 f(x)dx, (1)
where f(·) is the probability distribution function (pdf) of the
amplitude of the signal sent to the LED.
C. VLC Channel Model
The impulse-response of a VLC channel consists of line-
of-sight (LOS) and non-line-of-sight (NLOS) parts. In VLC
1Note that the LED nonlinearity could still affect the pulse-shape, an effect
that is ignored in this paper.
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Fig. 2. VLC system front end.
systems, the NLOS part of the impulse response is due to
reflections of the light from the walls and other objects and
usually causes inter-symbol interference at symbol-rates higher
than 50 Msps. The results of [28] and [29] can be used to
find the impulse-response of a VLC channel with a given
room geometry. Given the sampling period, an equivalent
discrete impulse-response of the VLC channel, h = {h`},
can be calculated from the continuous impulse-response. For
mathematical simplicity, in this work we assume the normal-
ized discrete impulse-response of a VLC channel for which
we have
∞∑
`=−∞
h` = 1, and the channel loss is ignored for
notational convenience. We model the noise in the system as
an additive white Gaussian noise (AWGN) source, which is a
good approximation for high background light scenarios. The
front-end of our VLC system model is depicted in Fig. 2.
III. HADAMARD CODED MODULATION
Hadamard coded modulation (HCM), which uses a binary
Hadamard matrix to modulate the input data, is introduced
in [18] as an alternative to OFDM. As described in [18], the
HCM signal x = [x0, x1, · · · , xN−1]T is generated from the
data sequence u = [0, u1, · · · , uN−1]T as
x =
(
HNu+HNu
)
. (2)
where HN is the binary Hadamard matrix of order N [30],
HN is the complement of HN , and the matrix (HN −HN )
is the bipolar Hadamard matrix.
The components of u are assumed to be M -ary pulse ampli-
tude modulated (PAM), where un ∈
{
0, 1M−1 ,
2
M−1 , . . . , 1
}
for n = 0, 1, . . . , N − 1. The complexity of HCM is the same
as OFDM since an N -size FWHT also has a computational
complexity of order N log2N .
Similar to [17], two structures can be used for the HCM
transmitter. In the first structure, shown in Fig. 3-(a), the
HCM symbols generated are sent to an amplitude modulator
that then modulates the optical source. This structure, which
we call the single-source structure, can be used with the
power-line communication (PLC) integrated VLC networks,
where the data is send to the LED bulbs via the power lines
and each component of the LED array cannot be modulated
separately. In the single-source structure, as mentioned earlier
in Section II-B, the nonlinear transfer function of the optical
source causes unequal spacing between the transmitted power
levels, which makes the symbols more susceptible to noise,
and therefore, a predistorter is required to make the power
levels equal. A control circuit is also needed to compensate
for the drift due to the thermal changes, which leads to an
increased complexity of the transmitter.
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Fig. 3. Block diagram of the HCM transmitter using FWHT.
In the second structure, the nonlinearity problem of the
optical sources is solved by using each LED in an array in its
on or off mode. The second structure, which is referred to as
the LED-array structure, directly modulates a set of LEDs with
one Hadamard code as shown in Fig. 3-(b). Given that the un’s
are M -PAM modulated, the LED-array structure uses a total of
N×(M−1) LEDs to modulated the data, i.e., (M−1) LEDs
for each Hadamard code. This structure can be used in VLC
systems in which each LED can be modulated independently.
The LED-array structure guarantees equal spacing between the
output optical power levels, and avoids the effect of the LED
nonlinearity on the transmitted optical signal. Using HCM this
structure is able to transmit only average powers less than
Pmax/2, where Pmax is the peak optical power of the LED
array.
In either case, the decoded vector v is obtained from the
received vector y as
v =
1
N
(
HTNy −HTNy
)
+
P
2
[1−N, 1, 1 . . . , 1]T, (3)
which can be realized by an inverse FWHT (IFWHT) as shown
in Fig. 4. The noise due to the channel, n, is assumed to
be an additive white Gaussian noise (AWGN) vector with
auto-covariance matrix σ2NI, and hence, in the absence of
v1
vN-1
v2
…
 
v0y0
yN-1
y1
…
 
S
er
ia
l/
P
ar
al
le
l
y
y2
+
1
/2
 
-(N-1)/2 
IF
W
H
T
Fig. 4. Block diagram of the HCM receiver using IFWHT.
nonlinearity the output signal of a non-dispersive channel, i.e.,
h` = 0 for ` 6= 0, is given by y = (P/N)x + n, where P
is the unclipped peak transmitted power. Assuming a photo-
detector with responsivity equal to 1, the decoded data can be
rewritten as
v =
P
N
u+ n˜, (4)
where n˜ = 1N
(
HTN − HTN
)
n is a N × 1 noise vector with
independent components.
A. Pulse Shaping to Increase Spectral Efficiency
In practice, transmitting rectangular pulses requires a large
bandwidth and is not spectrally efficient. In order to overcome
this problem, we use sinc pulses instead of rectangular ones to
transmit data. But since negative signals cannot be sent over
the optical link, we add a DC bias to the signals to make
them positive. Fig. 5-(b) illustrates the transmitted pulses for
the three rectangular pulses shown in Fig. 5-(a). Replacing
rectangular pulses with sinc pulses reduces the SNR by 0.83
dB.
B. BER Calculation
Through (4), the BER of M -PAM HCM can be calculated
from [31] as
BERHCM ≈ (M − 1)
M log2M
Q
(√
3
γ(M2 − 1)
P 2/N
σ2N + σ
2
clip
)
. (5)
where γ represents the penalty in SNR due to the pulse-
shaping, which is 1.21 in this work, σ2N is the variance of
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Fig. 5. (a) An HCM signal, and (b) the transmitted pulses using sinc pulse-
shaping.
the additive Gaussian noise at the receiver and σ2clip is the
variance of the clipping noise.
For the LED-array transmitter structure in Fig. 3-(b), σ2clip =
0 and no further analysis is needed. Since each of the N − 1
columns of HN that are used to modulate the data has an
equal number of zeros and ones, HCM signals have a PAPR
of 2, and therefore, for the single-source transmitter structure
in Fig. 3-(a), its signals are not clipped by LEDs for average
power levels less than Pmax/2 and the clipping noise is zero,
i.e., σ2clip = 0. For average powers larger than Pmax/2, we use
(1) to find σ2clip. In order to find the pdf of x, we first consider
u to be a binary vector, and then we generalize the results to
the case when the components of u are M -PAM.
For the binary case, xn ∈ {0, 1, 2, . . . , N − 1, N} for n =
1, 2, . . . , N , and the probability that xn = k is equal to
Pr (xn = k) =
(
N
k
)(
1
2
)N
, k = 0, 1, . . . , N. (6)
Through (1), the clipping noise for binary HCM is
σ2clip =
(
1
2
)N N∑
k=dN PmaxP e
(
k
P
N
− Pmax
)2(
N
k
)
. (7)
where dxe is the smallest integer larger than x.
For M -PAM HCM, the components of x take values
from a larger set as xn ∈ {0, 1M−1 , 2M−1 , . . . , N} for n =
1, 2, . . . , N , and the probability of xn = kM−1 is
Pr
(
xn =
k
m− 1
)
= C(m,N, k)
(
1
m
)N
, k = 0, 1, . . . , N.
(8)
where C(m,N, k)’s are the extended binomial coefficients
defined as the coefficients of xk in the expansion of (1 +
x+ x2 + . . . , x(m−1))N [32].
C. Increasing Energy Efficiency Using DC-Reduced HCM
As shown in [18], the DC part of HCM signals (before the
pulse-shaping) can be reduced without losing any information,
making HCM more average power efficient. This is important
when for illumination reasons the light should be dimmed, i.e.,
not operated at its brightest level. Let the first component of
u be set to zero and only N − 1 codewords of the Hadamard
matrix be modulated, as proposed in [18]. In this scheme,
which is called DC-reduced HCM (DCR-HCM), the average
transmitted power is reduced by sending (x−minx) instead
of x. The reduced DC level is per HCM symbol and its value
can be different for each symbol. The same receiver structure
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Fig. 6. (a) An HCM signal, and (b) its corresponding DC reduced signal.
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as in Fig. 4 can be used to decode the received signals. Fig. 6
shows an example of DC reduction in an HCM symbol of size
N = 8, where the transmitted energy of the HCM symbol in
Fig. 6-(a) is reduced by a factor of 3/7 in its corresponding
DCR-HCM symbol in Fig. 6-(b). This technique can only be
easily implemented for the single-source transmitter structure,
and an intermediate circuit is required to apply this technique
to the LED-array structure.
The DC reduction technique decreases the probability of
large amplitudes of x, which makes the signals less likely to
be clipped by the optical source, and therefore, DCR-HCM can
achieve lower BERs at lower average power levels compared
to HCM in peak-power limited systems. The probability mass
function of the transmitted signal, Pr (x = k), is plotted using
Monte-Carlo simulation for binary HCM and DCR-HCM re-
spectively in Fig. 7-(a) and Fig. 7-(b) for N = 128. According
to these results, the peak of Pr (x = k) is shifted to lower x’s
for DCR-HCM and the high amplitudes in DCR-HCM signals
have lower probabilities compared to that of HCM 2.
The energy efficiency of DCR-HCM, denoted η, is defined
2Note that the DC value could instead be increased to its maximum value
for scenarios that require even brighter illumination. This idea is entirely
analogous to DCR-HCM and is therefore not discussed further here.
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as
η =
E {xn}
E {xn} − E{minx} , (9)
In this definition we have used the fact that all components
of x have the same mean, i.e., E{xn} is fixed for all
n = 0, 1, . . . , N − 1. Fig. 8 shows η as a function of the
order of the Hadamard transform. In this figure, the data
sequence is assumed to be M -ary PAM modulated. According
to these results, the energy efficiency of DCR-HCM increases
almost linearly with log2N , and also increases slightly with
increasing M .
D. Dispersive Channels
VLC experience dispersive channels that create inter-symbol
interference (ISI) on the transmitted signals, and therefore, any
practical modulation technique must be resistant against ISI.
In OFDM, a cyclic prefix is used as a guard interval in order to
eliminate the intersymbol interference from adjacent symbols.
It also allows the linear convolution of a frequency-selective
multipath channel to be modelled as a circular convolution
by repeating the end of the symbol, which simplifies channel
estimation and equalization at the receiver. Likewise, a cyclic
prefix is used for HCM symbols to avoid interference from
other symbols, and therefore, the interference on a symbol is
intra-symbol interference that is caused by its own pulses. This
also allows us to use cyclic shifts of transmitted vectors instead
of their right shifts in our analysis. Under these assumptions,
given x is sent, and ignoring background light and other noise,
the received signal is proportional to the nonlinearly distorted
(clipped) version of
∑`
h`x
(`). In this section two techniques
are proposed to handle the dispersive nature of the channel:
interleaving and equalization.
Hadamard matrices consist of rows that are cyclic shifts,
which increases the similarity between Hadamard codewords
in dispersive channels and makes HCM vulnerable to ISI.
Interleaving is an effective solution that reduces the ISI by
decreasing the cross-correlation of the codewords with their
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Fig. 9. Schematic view of an interleaved HCM system using an for dispersive
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cyclic shifts [20]. In this technique, as shown in Fig. 9, a
symbol-length interleaver and a deinterleaver are used at the
transmitter and receiver, respectively, to reduce the effects of
intra-symbol ISI due to a dispersive channel. The interleaver
is a permutation matrix, pi, and the deinterleaver is its inverse,
pi−1. Hence, xpi is sent instead of x. For a non-equalizing
receiver, the best interleaver matrix is the one that evenly
distributes the interference over all symbols, and can be
found using binary linear programming [20]. In non-dispersive
channels, the performance of interleaved HCM is the same as
HCM since pipi−1 = I.
Assuming x is transmitted, the noiseless output of the
channel is proportional to
∑`
h` (pix)
(`). Then the decoded
signal can be written as
v =
P
N
∑
`
h`
(
HN −HN
)
pi−1I(`)pi
(
uHN + uHN
)
+
P
2
[1−N, 1, 1 . . . , 1]T + n˜. (10)
Defining G :=
∑`
h`I
(`), (10) can be written as
v = P
(
HN −HN
)
piTGpi
(
HN −HN
) (2u− 1)
2N
+
P
2
+ n˜.
(11)
In addition, minimum mean square error (MMSE) equal-
ization is an effective technique to estimate the data at the
output of a noisy dispersive channel. The goal in this equal-
izer is to find the matrix W that minimizes the trace of
E
{
(u− uˆ)(u− uˆ)T}, where uˆ = W(v − P/2) + 1/2 is
an estimate of the data sent, u, based on the observation of
the decoded vector v. According to [33], the optimum W is
given by
W = CuvC
−1
v , (12)
where Cuv is cross-covariance matrix between u and v, and
Cv is auto-covariance matrix of v. For (12), the error is
LMMSE = tr
{
Cu −CuvC−1v Cvu
}
. (13)
For HCM, using (2) and (3) we get
Cuv =
P
4N
(
HN −HN
)
piTGpi
(
HN −HN
)
, (14)
and
Cv =
σ2N
N
I+
P 2
4N
(
HN −HN
)
piTGGTpi
(
HN −HN
)
,
(15)
where we have used the symmetry property of Hadamard
matrices, i.e., HN = HTN .
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Fig. 10. Analytical (dashed lines) and simulated (solid lines) BER of HCM,
DRC-HCM, ACO-OFDM and DCO-OFDM versus the average received power
in an ideal channel, i.e., h0 = 1.
IV. NUMERICAL RESULTS
In this section, numerical results using simulation and
analysis are presented to compare the performance of HCM
and DCR-HCM to ACO-OFDM and DCO-OFDM. In the
simulations, the sources are assumed to be ideal peak-power
limited sources as shown in Fig. 1-(b) and the peak received
power is assumed to be 0.1 mW. The optical source is modu-
lated as in Fig. 3-(a). The transmitter and receiver are assumed
to be perfectly synchronized. These results are generated using
sinc pulse-shaping, shown in Fig. 5-(b).
The BERs of HCM, DCR-HCM, ACO-OFDM and DCO-
OFDM are plotted versus the average received optical power
in Fig. 10 for N = 128. The parameters of these techniques
are chosen such that all have spectral efficiency of 1, i.e., the
same data-rate. The analytical BERs are in good agreement
with Monte-Carlo simulation results. For HCM and DCR-
HCM, (5) and (1) are used to plot the analytical results, while
those of ACO-OFDM and DCO-OFDM are plotted using the
results of [3], [34]. ACO-OFDM and DCO-OFDM use 16-
QAM and QPSK, respectively, to modulate the data, while
on-off keying (OOK) is used to modulate the data in HCM
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Fig. 11. Maximum achievable SNR versus the spectral efficiency for HCM,
DCR-HCM, ACO-OFDM and DCO-OFDM.
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Fig. 12. Simulated BER of ACO-OFDM, DCR-HCM, and interleaved DCR-
HCM in a dispersive channel with impulse response h0 = 0.5, h1 = 0.3 and
h2 = 0.2 using an MMSE equalizer for DCR-HCM and one-tap equalizer
for ACO-OFDM.
and DCR-HCM. The results are plotted assuming an AWGN
channel for a noise level of σ2N = 2 µW. The BER of ACO-
OFDM decreases by increasing the average optical power until
it reaches an optimum point, and increases afterwards due to
the clipping imposed distortion. DCO-OFDM has the same
behavior but for higher average powers. The average optical
power of DCO-OFDM is proportional to its DC level, and
hence, it reaches its lowest BER for an average power of half
of the peak power. According to these results, DCO-OFDM,
HCM and DCR-HCM are better choices for VLC systems
since they have a better performance at high average optical
powers. As one can see, HCM and DCR-HCM can achieve
lower BERs compared to OFDM techniques. Between these
two, DCR-HCM uses signals with lower amplitudes and is
therefore more resistant to clipping noise.
The maximum achievable SNR is plotted versus the spectral
efficiency for HCM, DCR-HCM, ACO-OFDM and DCO-
OFDM for a noise level of σ2N = 0.5 µW. Analytical BER
expressions of the form αQ
(√
SNR
)
taken from (5) for HCM
and DCR-HCM and from [3], [34] for ACO-OFDM and DCO-
OFDM are used to plot these results. For each technique,
the optimum average power that minimizes the BER is found
analytically and then the SNR is calculated for that average
power. For DCO-OFDM, the DC level is set to Pmax/2 since
it minimizes the clipping noise, and hence, corresponds to the
maximum SNR among all possible DC levels. Monte-Carlo
simulation is used to find the probability mass function of
DCR-HCM, and then it is used in (1) to find the clipping noise
power. Note that ACO-OFDM is only better than DCO-OFDM
at low spectral efficiencies, and it requires high-order QAM
to get spectral efficiencies larger than 2, which is impractical.
Hence, ACO-OFDM is not suitable for spectrally efficient
VLC systems. HCM and DCR-HCM are able to provide a
higher achievable SNR for all spectral efficiencies tested.
The simulated BER of 16-QAM ACO-OFDM is compared
to that of OOK DCR-HCM in Fig. 12 for a highly dispersive
channel with a discrete-time equivalent impulse response of
h0 = 0.4, h1 = 0.3 and h2 = 0.3 (using N = 128 samples
per symbol) using an MMSE equalizer for DCR-HCM and
one-tap equalizer for ACO-OFDM. Both techniques use a
cyclic prefix of length 4. The noise is assumed to be σ2N = 6
µW. According to these results, DCR-HCM can achieve lower
BERs compared to ACO-OFDM. The BER of the system
using MMSE equalization on the interleaved DCR-HCM is
also plotted versus the average optical power. The interleaver
is found using the binary linear program described in [20].
As shown in Fig. 12, interleaving improves the performance
of the MMSE equalizer by almost an order of magnitude
by spreading the interference equivalently on all Hadamard
codewords.
V. CONCLUSION
In this paper, HCM and its modified form DCR-HCM are
proposed as alternative techniques to OFDM for LED-based
VLC systems that require high illumination levels. HCM and
DCR-HCM achieve lower BERs compared to ACO-OFDM for
high average power since they transmit signals with lower peak
amplitudes. The energy efficiency of HCM can be improved
by reducing the DC part of the transmitted signals without
losing any information. This efficiency is shown to increase
with the size of the Hadamard transform and the size of
the PAM constellation used. The performance of HCM and
DCR-HCM is shown to surpass that of ACO-OFDM and
DCO-OFDM, and they are able to achieve 2 to 3 orders
of magnitude lower BERs. Interleaving along with MMSE
equalization can effectively decrease the BER of HCM by an
order of magnitude in dispersive VLC channels.
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